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Purpose. Determining the nature of deformation developing inside the concrete core and on the surface of steel
casing at different loading stages using the strain measurement method. Studying features of strain-stress behavior of
concrete-filled steel tube columns (CFST) of different cross-sections under axial compression; comparison of theo-
retical and experimental data of concrete-filled steel tube columns by their load-carrying capacity.

Methodology. The method is based on detection of contact interaction between the concrete core performing
under 3D stress and the casing of the steel concrete element at short-term static loading.

Findings. Strength and load-carrying capacity of CFST elements are assessed. The obtained results allow begin-
ning experimental studies on CFST constructions of various lengths and cross-sections using not only exterior, but
also interior gauges in order to access the strain-stress behavior of constructions.

Originality. New experimental data on the regularities of performance and destruction of CFST columns of vari-

ous cross-sections were obtained.

Practical value. The proposed methods for structural design enable both producing efficient composite structures
that perform under compression and bending and designing load-carrying elements for industrial facilities.

Keywords: concrete-filled steel tube columns (CFST), load carrying capacity, axial compression, concrete core, steel
case, the 3D depth gauge rosette, deep strain measurement method

Introduction. At present, there are a number of rec-
ognized approaches for estimation of the load-carrying
capacity of CFST structures under axial compression,
each being based on the initial assumptions underlying
the estimation formulas. S. Morino [1] evaluated the com-
pressive strength of short square CFST columns and iden-
tified the dependence of the size and shape of the cross-
section on the load-carrying capacity. D. Petrenko [2]
provided the comparative analysis of existing methods
for CFST load-carrying capacity calculation under axial
compression proposed by domestic and foreign research-
es. G. Vatulia [3] described the method of CFST col-
umn load-carrying capacity calculation with consider-
ation of physical nonlinearity of materials, geometric non-
linearity of the confinement and the effect of the gain in
core strengthening. The method uses a step iteration al-
gorithm, which involves analytical dependencies and
the ultimate element simulation method. G. Litivinskyi
[4] considered three different types of stress-strain state
of CFST elements, and determined conditions of the limit
state approach for each type. A. Krishan [5] presented
the results of the FEM analysis of CFST columns with
square cross-section and various tube thicknesses. R. Kan-
ishchev [6] analyzed the influence of friction between
the steel shell and the concrete core on the local buck-
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ling of composite structures using the ABAQUS soft-
ware. The purpose of experimental studies is investiga-
tion of the nature of deformations developing inside the
concrete core and on the surface of the steel casing at
different loading stages using the depth strain measure-
ment method.

Analysis of the recent research and publications. To-
day, there are a few recognized approaches to estimation
of the load-carrying capacity of CFST structures under
axial compression. However, lack of the shared opinion
on the methods for designing and strength analysis un-
der force impact prevents the large-scale implementa-
tion of the CFST structures in the domestic construc-
tion practice.

Earlier, a method was developed for estimation of ax-
ial compression strength for CFST elements of a rectan-
gular cross-section, based on the opening of the contact
between the casing and the core performing under 3D
stress with field-variable deformation parameters [2]. It
was proved that the contact interaction between the cas-
ing and the core at the corners of cross-sections can be
taken into account for evaluation of the load carrying
capacity. The most effective width-to-length ratios of
the cross-sections and casing thickness for the most ef-
ficient performance of concrete were found. The consis-
tency of the experimental findings and theoretical data is
shown. It is noted that reinforcement of concrete with
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the outer casing increases its strength, creates better per-
formance conditions under load, improves the resistance
of concrete to the action of aggressive media, and reduces
shrinkage and creep strains.

Objective of the study is investigation of the features
of the stress-strain state of CFST columns of various cross-
sections under axial compression; comparison of theo-
retical and experimental data of their load-carrying ca-
pacity; assessment of the consistency of the obtained
findings with the results of other authors.

In accordance with the approved experimental pro-
cedure, three sample series were manufactured, namely:

- circular CFST — concrete-filled steel tube, C16/20
concrete, yield strength of the casing 5, = 330 MPa, geo-
metrical dimensions D= 102 mm, =3 mm, 2= 500 mm;

- square CFST — concrete-filled steel column of the
square cross-section, C16/20 concrete, yield strength of
the casing o, = 220 MPa, geometrical dimensions a =
100 mm, =2 mm, # = 500 mm;

- rectangular CFST — concrete-filled steel column of
the rectangular cross-section, C16/20 concrete, yield
strength of the casing o, = 220 MPA, geometrical dimen-
sions a = 100 mm, b = 150 mm, =2 mm, 2= 500 mm.

Measuring equipment and its positioning. A 3D depth
gauge rosette was installed inside the samples for more
detailed investigation of longitudinal and lateral defor-
mations developing in the concrete core, concrete de-
struction mechanism, as well as for taking into account
the squeeze reduction effect caused by performance of
the steel casing. The depth sensor was placed into the cas-
ing during concreting.

The depth strain gauges were manufactured accord-
ing to the procedure as follows. A 2 mm thick layer of the
jointing compound was deposited into the dismountable
metal mold (Fig. 1, a), with a cell for manufacturing of
each gauge 50x10%4 mm lubricated with grease. The
jointing compound consisted of the mixture of BF-2 glue
with cement at the ratio 1:2. After curing (within 24 hours),
BX120-20AA-X strain gauges were glued onto it (Fig. 1, b),
on which, in its turn, another layer of the jointing com-
pound was applied. Only the gauge heads with leadouts
remained free. After the wires were soldered to the lead-
outs, this part of the gauge was polished as well. After com-
plete curing of the jointing compound within 24 hours,
the gauges were removed from the mold (Fig. 1, ¢). Then
a 3D depth gauge rosette was manufactured (Fig. 1, d).
The sequence for manufacturing a depth gauge rosette is
shown in Fig. 1 [7].

The wires form the gauges were led out through the
top of the columns or through the apertures on the sides
of the columns made at a distance of '/, of height. The
diameter of the circular apertures was 27 (Figs. 2, a, b),
the transverse apertures had the width ¢ and length 2¢
(Figs. 2, ¢, d), the general view of the apertures is shown
in Fig. 2.

The apertures had no material effect on the load-car-
rying capacity of the CFST columns. However, it should
be noted that circular apertures proved to be more ap-
propriate for leading the wires out, since they did not
change their geometrical shape at every loading stage,
while the transverse slits squeezed the wire causing the
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Fig. 1. Sequence for manufacturing a depth gauge rosette
and the gauge layout in the CFST columns:
a — gauge casing; b — resistive strain gauges; ¢ — depth
gauge; d — depth gauge rosette; e — gauge layout

c d

Fig. 2. General view of the apertures for wire lead off:
a, b — circular apertures; ¢, d — rectangular apertures
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loss of the signal from the gauge at the final loading stag-
es. The choice of the shape, size and location of the ap-
ertures along the height of the CFST column was based
on the findings of the experiments presented in [8].

Experimental study. The CFST columns were tested
at [P-2000 hydraulic press in the laboratory of the Struc-
tural Mechanics and Hydraulics Department of the Ukrai-
nian State University of Railway Transport.

Geometrical parameters were determined for the test-
ed samples before the experiment. For the columns of
the circular cross-section, the reduced axial moment of
inertia /,,; = 146 cm*, the reduced cross-section area A,
= 14.81 cm?, the reduced flexibility A,,, = 17 were deter-
mined. For the columns of the square cross-section they
were: 1,,; =214 cm*, A,,;, = 19.36 cm?, A, = 16. Respec-
tively, for the columns of the rectangular cross-section they
were: [, = 634 cm*, A4,,,= 27.36 cm?, A,,;, = 11. Due to
the structural features, the base plates of the hydraulic
press provided the hinge support of the columns.

Axial loading on the combined cross-section was ap-
plied to the samples. During the test, longitudinal and
transverse deformations were measured. For this purpose,
BX120-10AA-X strain gauges were glued on the sides of
the columns in the longitudinal and transverse directions.
Depth gauges in the form of a 3D rosette were installed in
the samples during concreting. The gauge layout is shown
in Fig. 1, e [8].

The strain gauge readings were recorded using VNP-8
strain gauge scanner recorder. The load was applied in
20 kN increments within the range from 0t0 0.9 X N, g4,
each loading stage lasting at least 5 min. N, g4, is an es-
timated value of the load-carrying capacity of the CFST
column along the axial compression force at the plastic
stage which is determined using the formula

1+nc§j{—y], (1)
ck

Npl,Rd = TlaAafyd + Acfcd[
where 7, 7. are coefficients for squeeze reduction of con-
crete; A,, A, are cross-sectional areas of concrete and the
steel casing; f,, is design value of the yield strength of
structural steel; £, is design value of cylinder compressive
strength of concrete; d is diameter of the steel casing; ¢ is
wall thickness of the steel pipe; f, is characteristic value
of cylinder compressive strength of 28 days old concrete;
J, is rated value of the yield strength of structural steel.

The metering readings were recorded at every loading
stage. All samples were brought to destruction. The exteri-
or of the CFST columns before testing is shown in Fig. 3.

During the experiment, two forces, which correspond
to different criteria of the loss of load-carrying capacity,
were recorded. The first force (N)) corresponded to reach-
ing the yield strength limit of the casing steel, while the
second force (N,) was the maximum load value which
the sample could stand. According to the regulatory doc-
uments, the design of constructions should be based on
the limit states of the first and second groups. Different
criteria of suitability for use of the construction can be
used depending on the construction type and purpose.
In most cases, operation of CFST columns is limited with
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a b c

Fig. 3. The exterior of the CEST columns before testing:
a — circular CFST; b — square CFST; ¢ — rectangular CFST

the force N,. Quite significant difference between forces N,
and N, suggests high reliability of the CFST elements.

The experience of the previous studies shows that a
complicated correlation between the steel casing and the
concrete core occurs in the CFST element during load-
ing. Use of the 3D rosette of the depth gauge enabled com-
parison of the value and nature of development of defor-
mations inside the concrete core and outside the steel cas-
ing. According to the findings of the experiments, the dif-
ference between the deformations inside and outside the
CFST column is insignificant at the initial loading stag-
es. The dependencies of longitudinal and transverse de-
formations on the load are practically linear or close to
such. Therefore, a conclusion can be made on the joint
performance of the steel casing the concrete core. Fur-
ther, the linearity is broken at load of (0.4—0.5) X N, gy.
The intermediate stage of performance of the CFST ele-
ment begins, at which the identical longitudinal defor-
mations ensure the joint performance of two compo-
nents. Under load of 0.8 X N, z, longitudinal and trans-
verse deformations are developing intensively both in-
side and outside the CFST column. More intense trans-
verse extension of the concrete core begins at this stage.
As the core extends it begins to compress the casing walls,
causing the significant change in performance of the com-
ponents of the CFST element. Since the steel casing pre-
vents the excessive concrete extension, the casing effect
occurs. The concrete core is under 3D pressure; as a result,
it can accept increased loads.

The CEST columns after the test are shown in Fig. 4.
It should be noted that the test samples did not lose their
load-carrying capacity instantaneously. Although con-
siderable deformations were caused to them, they sus-
tained the load for a long time.

Such behavior of the samples is associated with the
transition to the plastic stage of performance. At this stage,
intensive cracking occurs in the concrete core.

In the places of destruction of the concrete core, a
local loss of stability of the casing wall takes place to-
gether with the appearance of buckles. The irreversible
destruction of the concrete core and further increase in
the load on the column leads to the appearance of sig-
nificant radial stresses in the column casing. Further ex-
pansion of the concrete core leads to emergence of a criti-
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cal internal lateral pressure. As a result, the maximal tan-
gential (tensile) stresses occur in the case. It causes the
longitudinal rupture of the casing.

Test findings. Occurrence of the Chernov-Luders lines
on the steel casing, which indicate the beginning of the
steel fluidity, is also a characteristic phenomenon at the
last stage of performance of the CFST element. During
the experiment, the occurrence of the Chernov-Luders
lines was recorded only for circular steel columns (Figs. 5,
¢, d). The appearance of buckles in the middle section of
the columns (Figs. 5, a, b) indicates a partial (local) de-

a b c

Fig. 4. Concrete-filled steel tube columns after testing:
a — circular CFST; b — square CFST; ¢ — rectangular CFST

c d

Fig. 5. The nature of destruction of the samples:
a, b — buckles in the columns of the experimental series;
¢, d — Chernov-Luders lines, circular CFST

100

struction of the concrete core and, as a result, the local loss
of stability of the casing.

After disassembly of the casing of the CFST columns,
the nature of destruction of the concrete core was ana-
lyzed. The appearance of the concrete core and steel cas-
ing after disassembly is shown in Fig. 6. The figure shows
that in the places of partial (local) destruction of the con-
crete core, the concrete is detached from the casing, at this
time stress is critically redistributed between the compo-
nents of the CFST element, eventually causing the lost of
stability of the steel casing and appearance of buckles.

The tests of the CFST columns provided the data about
the nature of the development of longitudinal and trans-
verse deformations on the surface of the steel casing and
inside the concrete core at various loading stages. The ex-
perimental studies have revealed the effect of the geomet-
ric dimensions and the physical and mechanical properties
of the materials used on the load-carrying capacity and
deformability of the CFST columns.

A 3D strain gauge rosette was designed that allows
measuring deformations in three mutually perpendicu-
lar planes to reveal the deformation mechanisms of CFST
structures at every loading stage. The obtained data on the
relative deformations confirm the theory of the joint per-
formance of the concrete core and the steel casing.

The performed experimental studies confirm that the
obtained design of a depth sensor can be used to reveal the
deformation mechanisms of concrete structures at every
loading stage.

The obtained results enable to proceed to experimen-
tal studies on CFST structures of different lengths and
cross-sectional shapes using not only external, but also
depth sensors for estimating the stress-strain state of struc-
tures, which is necessary for further optimization of cross-
sections of combined constructions.

Verification of the obtained findings. After the experi-
ment was carried out, the obtained values of the load car-
rying capacity of the CFST columns were verified by com-
paring the findings with the data of theoretical estima-

c d

Fig. 6. The appearance of the concrete core and steel cas-
ing after disassembly of the columns:
a — rectangular CFST; b —square CFST:; ¢, d — circular CFST
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tion using the existing methods [2]. The results of com-
parison of the experimental findings with the data of esti-
mation using the method suggested by the Ukrainian
State University of Railway Transport are shown in Fig. 7.
The performed analysis suggests that the assessment of
the load carrying capacity based on the opening of the
contact between the casing and the core performing un-
der 3D stress state with field-variable deformation pa-
rameters describes relevantly the stress-strain state of a
CFST element. The empirically obtained values are not
used to determine the load carrying capacity.

Conclusions. The experimental and theoretical stud-
ies described in the article enabled to draw the following
conclusions:

1. A 3D strain gauge rosette has been designed that
allows measuring deformations in three mutually per-
pendicular planes to reveal the deformation mechanisms
of CFST structures at every loading stage.
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Fig. 7. The results of comparison of the experimental stud-
ies with the considered methods:
a —square CFST; b — rectangular CFST; ¢ — circular CFST
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2. It is found that the preferred aperture for wire out-
put from the measuring devices is circular. The circular
aperture retains its original shape at every loading stage,
unlike the rectangular cross slits, which close at the final
loading stages squeezing the wires and causing the loss
of the signal from the sensor.

3. The consistency of the experimental findings and
the data of theoretical study was checked by comparison
of the results. The maximum error does not exceed 10%.

4. The results of comparison of our experimental find-
ings with the results of estimation using the methods of
other authors showed good convergence, within 10%. The
proposed method for assessment of the stress-strain state
of a CFST structure can be used for columns of different
cross-sections.

References.
1. Takamasa Yamamoto, Jun Kawaguchi, Shosuke Mori-
no and Sachio Koike, 2013. Experimental study on the ef-
fect of cross sectional size and shape on compressive char-
acteristics of concrete filled square steel tube short col-
umns. Journal of Structural and Construction Engineering
(Transactions of ALJ), 78(685), pp. 597—605.
2. Petrenko, D.G., 2015. Methods for calculating the
strength of steel-concrete constructions. Construction, ma-
terials scientists, mechanical engineering: collection of sci-
entific works, 82, pp. 154—162.
3. Vatulia, G., Lobiak, A. and Orel, Ye., 2017. Simulation
of performance of circular CFST columns under short-
time and long-time load. In: Transbud'2017 — MATEC
Web of Conferences 116, 02036 [online]. Available at:
<https://doi.org/10.1051/matecconf/201711602036>.
4. Litvinskii, G. G. and Fesenko, E.V., 2013. Theory of
calculation of concrete-filled-steel-tube (CFST) of min-
ing support. Mining: scientific Bulletin, 2, pp. 16—22.
5. Krishan, A. L. and Melnichuk, A.C., 2014. The strength
and deformability of short steel concrete columns of square
cross-section. Bulletin of KGASU, 3(29), pp. 46—50.
6. Kanishchev, R.A., 2016. Analysis of local stability of
the rectangular tubes filled with concrete. Journal of Civil
Engineering [e-journal], 4, pp. 59—68. http://dx.doi.org/
10.5862/MCE.64.6.
7. Vatulia, G. L., Galaguria, E.I., Petrenko, D.G. and By-
chenok, 1. V., 2014. Research on deformability of concrete
columns by deep tensometry. Research, design, construc-
tion, operation: collection of scientific works, 82, pp. 54—60.
8. Voskobiinyk, O.P., Hasenko, A.V. and Parkhomen-
ko, 1.0., 2013. Experimental research studies on tube
confined concrete elements with local deformations of
mantle-tube. Resource efficient materials, constructions,
buildings and facilities, 25, pp. 165—172.

Meta. BcraHOBIEHHS XapaKTepy pPO3BUTKY nedopma-
11iii BcepenrHi OETOHHOTO sipa 1 Ha IMOBEPXHi CTaJIeBOI
000JIOHKM Ha Pi3HUX eTarnax HaBaHTaKEHHS 3 BUKOPHC-
TaHHSIM METOIY TeH30MeTpii. BuBueHHS ocobamuBocTeit
Hamnpy*}eHo-1e(OpPMOBAHOIO CTaHy CTaJIeOETOHHUX KO-
JIOH Pi3HOTO MOIMEePEYHOro Mepepisy Mpu 0CbOBOMY CTHC-
HEHHi, 3iCTaBJIEHHSI TCOPETUYHUX i EKCTIEPUMEHTATbHUX
JIAHUX CTajeOETOHHUX KOJIOH IO HeCyyili 31aTHOCTI.
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Metommka. 3acHOBaHa Ha PO3KPUTTI KOHTAKTHOI B3a-
€MOJii Mixk OETOHHMM SIAPOM, 11O TIPAlllOE B YMOBax
00’€MHOTO HaMPYXEHOTO CTaHy, Ta 000MOI0 cTajiebe-
TOHHOTO €JIEMEHTY IPU KOPOTKOYACHOMY CTAaTUIHOMY
HaBaHTaXXCHHi.

PesyabraTu. JlaHa olliHKa MOTeHLiaay MillHOCTI i
HECYJOi 3[IaTHOCTI cTaJIeOETOHHUX eleMeHTiB. OTpuMaHi
PE3YABTATU JO3BOJISIIOTH MEPENTH 10 eKCIIepUMEHTab-
HUX JOCJiIKEeHb CTaJle0ETOHHUX KOHCTPYKLii pi3HOI
JIOBXUWHU Ta (POPMU MOMEPEYHOro Mepepiszy 3 BUKOPUC-
TaHHSIM HE TiIbKU 30BHIlLIHIX, aje i IMIMOMHHUX JaT4r-
KiB U151 OLIIHKY HAaMPy>XeHO-1e(OPMOBAHOIO CTAHY KOH-
CTPYKIIiA.

HaykoBa HoBu3zHa. OTprMaHi HOBi eKCIIepUMEHTAJTb-
Hi 1aHi 3aKOHOMIpHOCTe pOOOTU i pyliHYBaHHS CTa-
JIeOETOHHUX KOJIOH Pi3HOTO MOIePEeUyHOro Iepepisy.

IIpakTHuHAa 3HAYMMICTB. 3aTTPONIOHOBAHI METOIMKU
PO3paxyHKy OMOPHUX KOHCTPYKIIill 320€3MeuyoTh MOX-
JIUBICTb CTBOPEHHS €(EeKTUBHUX CTaJIeOETOHHUX KOH-
CTPYKILiii, 1110 MPaLOI0Th HA CTUCHEHHS Ta 3TWH, Ta 10-
3BOJISIIOTh BUKOHYBATU MTPOEKTYBAHHSI HECYUUX €JIeMEH-
TiB CIOPYJ MPOMUCIOBOTO MPU3HAYEHHS.

KumouoBi ciioBa: crmanebemonni konouu, Hecyua 30am-
Hicmb, 0cboge CMUCHeHHs, bemonHe 0po, cmanesa 000-
lma, mpueumipHa po3emKa eAubUHHO20 0am4uKa, Memoo
2AUOUHHOT meH30Mempii

Ieas. YcraHoBrieHne xapakrepa pa3BuTus aedop-
Mauuii BHyTpU OETOHHOTO $ipa M Ha MOBEPXHOCTU CTa-
JIbHOI 000JI0OUKY Ha pa3HbIX 3Tarax Harpy>KeHus ¢ uc-
MOJIb30BAaHUEM MeToaa TeH3oMeTpuu. M3ydyeHue oco-
OeHHOCTEel HampsKeHHO-1e(DOPMUPOBAHHOIO COCTOSI-
HUS CTaJIeO0ETOHHBIX KOJIOHH Pa3IMYHOTO MONEPEeYHO-
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IO CEUYEHMSsI IPU OCEBOM CXATUM, COIIOCTABJICHUE TEO-
PETHUYECKUX U DKCIIEPUMEHTAIbHBIX JAHHBIX CTajie0e-
TOHHBIX KOJIOHH I10 HECYLLIEi CIIOCOOHOCTH.

Mertoauka. OCHOBaHa Ha PACKPHITUM KOHTAKTHOTO
B3aMMOJICICTBUS MEX Ty OETOHHBIM SIIPOM, KOTOPOE pa-
00TaeT B YCIOBUSAX OOBEMHOI0 HANPSIXKEHHOI'O COCTO-
STHUSI, 1 000MMOI cTajieOETOHHOTO JIeMEeHTa ITPU Kpa-
TKOBPEMEHHOM CTaTUYECKOM Harpy>KeHUM.

Pe3yabTatel. JlaHa olleHKa MOTEHIMAala TPOYHOCTU
U Hecylleil CITocOOHOCTH CTajleOETOHHBIX DJIEMEHTOB.
[Momy4yeHHbIe pe3yabTaThl TIO3BOJISTIOT TIEPENTH K IKCTIe-
PUMEHTAJTbHBIM UCCIICIOBAHUSIM CTaJIcOeTOHHBIX KOH-
CTPYKLIMI pa3IMYHOM IJIMHBI U (POPMBI IOMEPEYHOTO
CEYeHUsI C UCITOIb30BAHUEM HE TOJbKO HapYXKHBIX, HO
U [JYOMHHBIX JaTYMKOB [UISL OLIEHKU HAIIPSKEHHO-Te-
(GOpMUPOBAHHOTO COCTOSTHUSI KOHCTPYKIIWIA.

Hayunasa noBu3na. [ToyyeHbl HOBBIE SKCIIEPUMEH-
TaJlbHbIC TaHHbIE 3aKOHOMEPHOCTE pabOThl M pPa3py-
IIEHUS CTaJIeOETOHHBIX KOJIOHH Pa3JIMYHOTrO MoIepey-
HOT'O CEYCHMSI.

IIpakTHyeckas 3HAYUMOCTb. [1penIokeHHbIE METO-
MKW pacyeTa OMOPHBIX KOHCTPYKIINI 00ecTeunBaioT
BO3MOXHOCTb cO3naHMsT 9((PEKTUBHBIX CTATIE0ETOHHBIX
KOHCTPYKIIMi1, KOTOPbIE pa0OTAIOT Ha CXXATUE U U3TUO, 1
TO3BOJISIIOT BBIITOJIHSTD IIPOSKTUPOBAHME HECYLIUX DJIe-
MEHTOB COOPYKEHUI IIPOMBILUIEHHOTO HA3HAYEHMSI.

KiroueBble ciioBa: crmanedemoHHbie KOAOHHbL, HECYulds
cnocobHoCcmb, 0cegoe cocamue, 6emoHHoe 10po, cmanb-
Has obolima, mpexmepHas po3emKa eAyoUHHO20 0amH4uKa,
Memoo enyOUuUHHOU MmeH30Mempul

Pexomendoseano 0o nybaixauyii dokm. mexH. HAyK
M. A. Inyeinum. Jlama naoxodxcenus pyxonucy 17.10.16.
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